OBJECTIVEdTo test the hypothesis that acute hypoglycemia induces endothelial dysfunction and inflammation through the generation of an oxidative stress. Moreover, to test if the antioxidant vitamin C can further improve the protective effects of glucagon-like peptide 1 (GLP-1) on endothelial dysfunction and inflammation during hypoglycemia in type 1diabetes.
R ecent evidence suggests that hypoglycemia can be considered a new risk factor in favoring diabetes vascular complications (1) . It has been reported that hypoglycemia produces endothelial dysfunction and inflammation (2, 3) , which are well-recognized pathogenic factors for vascular disease, particularly in diabetes (4) . Oxidative stress is considered the key player in the pathogenesis of diabetes complications (5) , and it has been suggested that hypoglycemia produces endothelial dysfunction and inflammation through oxidative stress generation both in vitro and in humans (2, 3) . However, clear evidence in humans is still lacking (6) : particularly, what is still missed is the evidence that by using an antioxidant, the elevation of the markers of oxidative stress induced by hypoglycemia can be reversed.
Recently, a possible beneficial effect of glucagon-like peptide 1 (GLP-1) analogs in the management of type 1 diabetes has been suggested (7, 8) . GLP-1 and its analogs, in addition to their insulin-tropic action in alleviating hyperglycemia, have beneficial effects in protecting progressive impairment of pancreatic b-cell function, preservation of b-cell mass, and suppression of glucagon secretion, gastric emptying, and appetite, all characteristics that could be beneficial for the management of type 1 diabetes (7, 8) .
Apart from the well-documented incretin effect of GLP-1, its role in the cardiovascular system also arouses interest. GLP-1 effects on the cardiovascular system may include a direct action on the endothelium, where the presence of specific receptors for GLP-1 has been demonstrated (9) . Consistently, GLP-1 has been demonstrated to improve endothelial function in diabetes (10, 11) , possibly increasing the antioxidant defenses of the endothelium (12) and decreasing oxidative stress generation (11) . Recently, we have reported that in type 1 diabetes, during inducedhypoglycemia, GLP-1 can partially protect endothelial function and partially decrease the appearance of inflammation, reducing, concomitantly, the level of several markers of oxidative stress (13) . However, it is worthy of interest that in type 2 diabetes, hyperglycemia induces an endothelial resistance to the action of GLP-1, oxidative stress being the mediator of such a phenomenon (11) . The aim of this study was to test, in patients with type 1 diabetes, whether 1) the concomitant infusion of an antioxidant, vitamin C, can protect endothelial function and reduce the generation of oxidative stress and inflammation during acute induced-hypoglycemia and 2) the effects of GLP-1 and vitamin C on both endothelial dysfunction and oxidative stress induced by acute hypoglycemia were additive.
RESEARCH DESIGN AND METHODS

Subjects
Twenty persons with type 1 diabetes were studied (Table 1) . They had normal bedside tests of autonomic function (14) and did not have hypoglycemia unawareness based on the methods of Gold et al. (15) or major macro-or microcomplications of diabetes. They were treated with multiple daily insulin injections. All subjects were nonsmokers and had a normal blood count; had normal plasma lipids, plasma electrolytes, and liver and renal function; were normotensive; and were not taking medications, which can influence neuroendocrine responses to hypoglycemia or anti-inflammatory drugs.
Studies were approved by the ethical committees of our institutions, and all participants gave written informed consent.
Patients were asked to avoid any exercise and consume their usual weight-maintaining diet for 3 days before each experiment. All participants were asked to perform intensive home blood glucose monitoring and to avoid hypoglycemia for at least 5 days before a study. On the day prior to a study, intermediate or long-acting insulin was discontinued and replaced by injections of regular insulin before breakfast and lunch. Each subject was admitted to the Research Center the evening before an experiment. At this time, two intravenous cannulas were inserted under 1% lidocaine local anesthesia. One cannula was placed to be used for blood drawing. The other cannula was placed in the contralateral arm for infusions. All subjects received an evening meal, with a continuous lowdose infusion of insulin to normalize plasma glucose. The insulin infusion was adjusted overnight to maintain blood glucose between 4.4 and 7.2 mmol/L.
Acute hypoglycemia experiments
All of the subjects were studied after an overnight, 10-h fast. Four different experiments were planned for each subject in a randomized order: a period of 2 h of hypoglycemia with or without infusion of GLP-1 [Synthetic GLP-1 (7-36)amide; PolyPeptide Laboratories, Wolfenbuttel, Germany] (0.4 pmol z kg 21 z min 21 [16] ), vitamin C (30 mg/min [16] ), or both. Each subject underwent each experiment with at least 1 week between each.
At time zero, a primed constant (9.0 pmol z kg 21 z min 21 ) infusion of insulin (Actrapid; NovoNordisk, Copenhagen, Denmark) was started and continued until 120 min. The rate of fall of glucose was controlled (;0.08 mmol/min), and the glucose nadir (2.9 mmol/L) was achieved using a modification of the glucose clamp technique (16) . During the clamp period, plasma glucose was measured every 5 min, and a 20% dextrose infusion was adjusted so that plasma glucose levels were held constant at 2.9 6 0.1 mmol/L (16). Potassium chloride (20 mmol/L) was infused during the clamp to reduce insulin-induced hypokalemia. The experiment was repeated with the infusion of GLP-1, vitamin C, or both.
At baseline and after 1 and 2 h, blood samples were withdrawn for biochemical assays: glycemia, plasma nitrotyrosine (a stable end product of peroxynitrite oxidation) and plasma 8-iso prostaglandin F2a (PGF2a; a biomarker of lipid peroxidation), both markers of oxidative stress, and intercellular adhesion molecule 1 (ICAM-1) and interleukin-6 (IL-6), both markers of inflammation. Endothelial function was measured by flow-mediated dilation (FMD).
Biochemical and clinical measurements
Cholesterol, triglycerides, HDL cholesterol, LDL cholesterol, and plasma nitrotyrosine were measured according to Ceriello et al. (17) . Plasma glucose was measured by the glucose-oxidase method, HbA 1c by high-performance liquid chromatography, and insulin by microparticle enzyme immunoassay (Abbott Laboratories, Wiesbaden, Germany). Plasma 8-isoPGF2a (Cayman Chemical, Ann Arbor, MI), soluble ICAM-1 (sICAM-1; British Bio-technology, Abington, Oxon, U.K.), and IL-6 (R&D Systems, Minneapolis, MN) were determined with commercially available kits. FMD. Endothelial function at macrovascular level was evaluated by measuring FMD of the brachial artery (12, 16) . The examination was carried out in a temperature-and light-controlled room on subjects who were lying comfortably flat on a couch. Brachial arteries in this study were imaged with a standard ultrasound system (VIVID 7 ECHO machine; GE Vingmed System V) connected with a 12-MHz linear transducer probe. The ultrasound system was connected to a personal computer equipped with a frame grabber and artificial neural network wall detection software (vessel image analysis). Brachial artery FMD was determined using protocol similar to published studies (12) (13) (14) (15) (16) .
At the end of the study each day, 250 mg of sublingual glyceryl trinitrate was administered in order to assess endotheliumindependent vasodilatation.
The intraobserver variability for repeated measurements of resting arterial diameter was 0.02 6 0.02 mm.
Statistical analysis
The sample size was selected according to previous studies (12, 16, 18) .
Data are expressed as means 6 SE. The Kolmogorov-Smirnov algorithm was used to determine whether each variable had a normal distribution. Comparisons of baseline data among the groups were performed using unpaired Student t test or Mann-Whitney U test, where indicated. The changes in variables during the tests were assessed by two-way ANOVA with repeated-measures or KolmogorovSmirnov test, where indicated. If differences and IL-6 significantly increased, compared with basal values, (Fig. 1) . When hypoglycemia was accompanied by the simultaneous infusion of GLP-1, all of these phenomena were significantly attenuated: FMD decreased less, while sICAM-1, 8-iso-PGF2a, nitrotyrosine, and IL-6 were less increased (Fig. 1 ). Vitamin C infusion had an even better effect than GLP-1 (Fig. 1) . However, when GLP-1 and vitamin C were simultaneously infused, the deleterious effect of hypoglycemia on FMD, sICAM-1, 8-iso-PGF2a, nitrotyrosine, and IL-6 was almost completely counterbalanced ( Fig. 1) CONCLUSIONSdThis study confirms that acute hypoglycemia induces endothelial dysfunction and inflammation in people with type 1 diabetes (13). However, in our opinion, it adds two important findings to our previous report showing that GLP-1 can reduce these phenomena (13) . It has been suggested that hypoglycemia can produce an oxidative stress (3, 13, 19) , which in turn can favor the appearance of an endothelial dysfunction and inflammation (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 19) . However, this hypothesis has been, until now, just linked to the evidence that several markers of oxidative stress increase during hypoglycemia (3-13,19) , and, to date, it has not been confirmed showing that an antioxidant can counterbalance this phenomenon or, better, that the antioxidant given during hypoglycemia, reducing oxidative stress, can simultaneously reduce endothelial dysfunction and inflammation. This is what, for the first time, our study addresses. The infusion of vitamin C, during acute hypoglycemia, produced an expected improvement in oxidative stress, which was accompanied by the simultaneous improvement of both endothelial function and inflammation. In our opinion, this means a causal role of oxidative stress in favoring the appearance of endothelial dysfunction and inflammation during hypoglycemia.
However, another possibility is that acute hypoglycemia causes activation of the sympathetic system (hence the increase in 8-iso-PGF2a), which causes vasoconstriction (hence the decrease in FMD). The endothelial cells try to respond to this by increasing their nitric oxide production (hence the increase in nitrotyrosine) but cannot overcome the autonomic overactivity. Sympathetic activity is known to influence inflammatory signals (20) , hence the increase in IL-6 levels. Therefore, the observed acute hypoglycemiainduced alterations could simply be due to a physiological reflex response, not necessarily a pathological oxidative stressinduced endothelial dysfunction.
The second finding is related to the additive effects of vitamin C and GLP-1.
In this study, a protective effect of GLP-1 on hypoglycemia-induced endothelial dysfunction, inflammation, and oxidative stress is confirmed. Studies are accumulating showing that GLP-1 and its analogs used in clinical practice have an antioxidant activity (12, 13) . Therefore, it is reasonable that GLP-1 should, by reducing oxidative-stress generation, improve endothelial dysfunction and inflammation generated by hypoglycemia. However, it is worthy of interest that vitamin C was more efficacious than GLP-1 in counterbalancing the effects of hypoglycemia and that only when both vitamin C and GLP-1 were infused simultaneously were the effects of hypoglycemia abolished completely. These data, altogether, support the hypothesis that the endothelium, as in hyperglycemia (11, 21, 22) , became less sensitive to GLP-1 in hypoglycemia, more than GLP-1 itself loses its activity, and that oxidative stress might be the mediator of such phenomenon.
A possible direct influence of insulin on our results cannot be excluded, particularly because it has recently been reported that GLP-1 enhances the vasodilator effect of insulin (23) . However, in our experiments, insulin infusion was accompanied by a decrease of the endothelial function, and the amount of insulin infused was the same during all of the experiments, suggesting that the role of insulin in our results could be not of particular relevance. In the same article by Tesauro et al. (23) , GLP-1 did not enhance the effect of vitamin C on endothelial dysfunction. However, our experimental conditions are very different. We studied 20 patients with type 1 diabetes, while the study of Tesauro et al. (23) was focused on only 5 patients with metabolic syndrome (23) . Moreover, as underlined by the same authors, no control study with vitamin C alone was performed.
Two mechanisms have been suggested to explain this resistance to the GLP-1 action in diabetes: the activation of protein kinase Cb (PKCb), induced by hyperglycemia, able to reduce the expression of the GLP-1 receptors (24) , and the generation by hyperglycemia of an oxidative stress (11) . Nevertheless, the two proposed mechanisms, PKCb activation with reduction of the expression of GLP-1 receptors and oxidative-stress generation, could be convincingly correlated, because it is well-recognized that PKCb is activated by the free radicals (25) . Even at this stage, it is just a hypothesis; as both hyperglycemia and hypoglycemia work through the same pathways and mainly generating an oxidative stress (1, 26) , it seems reasonable that the same mechanisms involved in the appearance of GLP-1 resistance in hyperglycemia might also been involved in hypoglycemia.
The risk of a cardiovascular disease in type 1 diabetes, even still partly neglected, is very high (27) .
The role of hyperglycemia in favoring cardiovascular disease in type 1 diabetes seems to be relevant; even many other classical and less classical risk factors seem to be also involved (26) . However, particularly the role of the oxidative stress seems to be very relevant in the pathogenesis of these complications in type 1 diabetes (26) , and our finding suggests that hypoglycemia, a frequent event in the life of type 1 diabetes, which is emerging as a cardiovascular risk factor (1), can also produce an oxidative stress.
In conclusion, our study shows that hypoglycemia produces endothelial dysfunction and inflammation through oxidative stress and that an antioxidant, such as vitamin C, can partly prevent this effect. While the chronic use of vitamin C cannot be the solution (28), recent development in the antioxidant treatment of diabetes-related complications might provide a future perspective also in preventing the deleterious effects of hypoglycemia on the cardiovascular system (29) .
A possible limitation of this study is that type 1 diabetic subjects enrolled in the current study were free of micro-or macrovascular complications and may not represent the entire spectrum of type 1 diabetes.
